Autophagy is a lysosomal degradation process that degrades long-lived cellular proteins and damaged organelles as a critical cell survival mechanism in response to stress. We recently reported that acute ethanol induces autophagy, which then reduces ethanol-induced liver injury. However, the mechanisms by which ethanol induces autophagy are not known. In the present study, ethanol treatment significantly increased both mRNA and protein levels of various essential autophagy-related genes in primary cultured mouse hepatocytes and in mouse liver. Both nuclear translocation of FoxO3a and expression of FoxO3a target genes were increased in ethanol-treated primary hepatocytes and mouse liver. Overexpression of a dominant negative form of FoxO3a inhibited ethanol-induced autophagy-related gene expression and enhanced ethanol-induced cell death in primary hepatocytes, which suggests that FoxO3a is a key factor in regulating ethanol-induced autophagy and cell survival. Resveratrol, a well-known SIRT1 agonist, further enhanced ethanol-induced expression of autophagy-related genes, likely via increased deacetylation of FoxO3a. Moreover, acute ethanoletreated Foxo3a À/À mice exhibited decreased autophagyrelated gene expression, but enhanced steatosis and liver injury, compared with wild-type mice. FoxO3a thus plays a critical role in ethanol-induced autophagy in mouse liver. Modulating the FoxO3a autophagy pathway may offer novel therapeutic approaches for treating alcoholic liver pathogenesis. (Am J Pathol 2013 http://dx.doi.org/10.1016/j.ajpath.2013 Macroautophagy (hereafter referred to simply as autophagy) is a bulk intracellular degradation system that is mainly responsible for the degradation of long-lived proteins to provide nutrients for survival in response to starvation.
Macroautophagy (hereafter referred to simply as autophagy) is a bulk intracellular degradation system that is mainly responsible for the degradation of long-lived proteins to provide nutrients for survival in response to starvation. 1, 2 Accumulating evidence indicates that autophagy can also selectively remove damaged or excess organelles, including mitochondria, endoplasmic reticulum, ribosome, and peroxisome. 3e5 In the liver, autophagy can also help to remove excess lipid droplets to attenuate steatosis (in which case it is termed lipophagy). 6 Alcoholic liver disease is a major disease of the liver in Western countries and worldwide. The clinical characteristic of this disease is the accumulation of excess fat in the liver in response to alcohol consumption. In humans, it is known that accumulation of excess fat can progress to more detrimental forms of liver injury, such as inflammation, fibrosis, and cirrhosis. However, it is also well known that only a small portion of alcohol drinkers can develop advanced liver inflammation and fibrosis, suggesting that a cellular protective mechanism or mechanisms could play a critical role in mitigating alcohol-induced liver injury. 7, 8 Our research group recently demonstrated that acute ethanol treatment induces autophagy in primary cultured mouse hepatocytes and in mouse liver; pharmacological induction of autophagy attenuated and pharmacological inhibition of autophagy exacerbated ethanol-induced steatosis and liver injury in mice. 9 However, the mechanisms by which acute ethanol induces autophagy in hepatocytes are not known.
FoxO3a is a member of the FoxO (forkhead box O) family of transcription factors. FoxO3a regulates expression of genes involved in multiple cellular functions, including oxidative stress, apoptosis, and cell-cycle transition, as well as DNA repair. 10, 11 Recent evidence suggests that FoxO3a also regulates expression of autophagy-related (Atg) genes in mouse skeletal muscle 12, 13 and cardiomyocytes, which promotes cardiomyocyte survival on induction of oxidative stress. 14 FoxO3a is regulated by multiple post-translational modifications, including phosphorylation, acetylation, and ubiquitination. 10, 11 FoxO3a is phosphorylated by the serine/ threonine protein kinase Akt and becomes sequestered in the cytoplasm, where it is unable to regulate gene expression. In contrast, SIRT1 [sirtuin (silent mating type information regulation 2 homolog) 1 (S. cerevisiae)] deacetylates FoxO3a and modulates its gene transcription and specificity, which increases antioxidative stress genes and suppresses apoptosis genes in response to oxidative stress. 10, 15 However, it is not known whether acetylation of FoxO3a affects expression of autophagy-related genes.
In the present study, we demonstrated that acute ethanol treatment activates FoxO3a in mouse liver and in primary cultured mouse hepatocytes. The increased nuclear retention of FoxO3a by ethanol could be mediated by decreased Akt activity. Genetic inhibition of FoxO3a led to the suppression of ethanol-induced expression of autophagy-related genes and exacerbated ethanol-induced liver injury in mice. Moreover, we also found increased autophagy-related gene expression and autophagic flux in ethanol-treated human hepatocytes.
Materials and Methods

Reagents
The following antibodies were used: Atg5 (PM050) from MBL International (Woburn, MA); Beclin 1 (sc11427) and ULK1 (sc33182) from Santa Cruz Biotechnology (Santa Cruz, CA); Bnip3 (Ab10433) and Nix (Ab8399) from Abcam (Cambridge, MA); p62 (H00008878-M01) from Abnova (Walnut, CA); Atg7 (2631), p-FoxO3a S253 (9466), FoxO3a (2497), p-Akt S473 (4060), Akt (2966), Sirt1 (2028), antieacetylated-lysine (9441), and Lamin A/C (2032) from Cell Signaling Technology (Danvers, MA); and b-actin (A5441) and Atg14 (A6358) from Sigma-Aldrich (St. Louis, MO). Horseradish peroxidaseeconjugated or Cy3-conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA). Rabbit polyclonal anti-LC3B antibody was generated as described previously. 9 Adenovirus GFP-LC3 (Ad-GFP-LC3), Ad-GFP, and adenovirus-dominant negative FoxO3a (Ad-DN-Foxo3a) were generated as described previously. 12, 16 Chloroquine (CQ), rapamycin, actinomycin D (ActD), and resveratrol were from Sigma-Aldrich. Ethanol was from Pharmco (Brookfield, CT), and all other chemicals were from Sigma-Aldrich, Life Technologies (Carlsbad, CA), or Calbiochem (EMD Millipore, Billerica, MA).
Animals
Wild-type C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Foxo3a À/À mice were generated as described previously. 17 Cryopreserved Foxo3a þ/À mouse embryos were purchased from the RIKEN BioResource Center (Ibaraki, Japan) and recovered at the Animal Transgenic Core facility at the University of Kansas Medical Center. The Foxo3a þ/À mice were maintained in a B6;129 background. Female Foxo3a À/À mice are infertile; Foxo3a À/À mice were therefore generated by crossing male Foxo3a þ/À with female Foxo3a þ/À mice. The generated Foxo3a þ/þ mice were used as wild-type controls.
All animals received humane care according to the guidelines of the NIH and the University of Kansas Medical Center.
Mouse Ethanol Binge Treatment
Mouse ethanol treatment was modified from the model of Carson and Pruett, 18 as we have described previously. 9 This model was designed to achieve blood alcohol levels, behavioral effects, and physiological effects comparable to those of human binge drinking. After 6 hours of fasting, male Foxo3a À/À mice and their wild-type littermates were administered 33% (v/v) ethanol at a total cumulative dose of 4.5 g/kg body weight by four equally divided gavages at 15-minute intervals. Control mice received the same volume of double-distilled water. After 6, 12, and 16 hours of treatment, the mice were sacrificed, and blood samples and liver tissues were collected. Liver injury was assessed by determination of serum alanine aminotransferase activity and H&E staining of liver sections, as we have described previously. 19 Total liver lysates were prepared using radioimmunoprecipitation assay buffer [1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl (lauryl) sulfate].
Primary Hepatocyte Culture
Mouse hepatocytes were isolated by a retrograde, nonrecirculating perfusion of livers with 0.05% collagenase type IV (Sigma-Aldrich), as we have described previously. 20 Cells were cultured in Williams' medium E with 10% fetal bovine serum, but no other supplements, for 2 hours to allow for attachment. Human hepatocytes were isolated and cultured according to methods described previously by Gramignoli et al. 20 All cells were maintained in a 37 C incubator with 5% CO 2 . All human liver specimens were obtained in accordance with the protocol (no. 13513) approved by the University of Kansas Medical Center Human Subjects Committee.
Immunoblot Assay
Cells were washed in PBS and lysed in radioimmunoprecipitation assay buffer. From each sample, 20 mg of protein was separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes. The membranes were immunoblotted with primary antibodies, followed by secondary horseradish peroxidase-conjugated antibodies. The membranes were further developed with Pierce SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Rockford, ajp.amjpathol.org -The American Journal of Pathology IL). Densitometry analysis was performed using Un-Scan-It software version 6.1 (Silk Scientific, Orem, UT). Densitometry data were further normalized with either b-actin or the respective total protein and expressed as means AE SEM. 
Microscopy for Autophagy and Cell Death
To examine autophagy, primary mouse hepatocytes were seeded in a 12-well plate (2 Â 10 5 cells per well) and infected overnight with Ad-GFP-LC3 (100 viral particles per cell). Cells were treated with 80 mmol/L ethanol in the presence or absence of 0.1 mg/mL ActD or with 50 mmol/L resveratrol for 6 hours. After treatment, cells were fixed with 4% paraformaldehyde in PBS for 2 hours at room temperature or were kept at 4 C for microscopy. Fluorescence images were acquired under an Eclipse 200 fluorescence microscope (Nikon, Tokyo, Japan) with MetaMorph software version 6.1 (Downingtown, PA). For the immunostaining assay, fixed primary hepatocytes or cryosections of liver tissues were immunostained with antiFoxO3a antibody followed by Cy3-conjugated secondary antibody and Hoechst 33342 nuclear staining, as described previously. 21 Cell death and morphological changes were analyzed with 1 mg/mL Hoechst 33342 staining and fluorescence imaging. All images were obtained using digital fluorescence microscopy as described above.
Nuclear Fractionation
Mouse liver nuclear proteins were extracted using Pierce NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific) according to the manufacturer's instructions. In brief, liver tissues were cut into small pieces, homogenized in cytoplasmic extraction reagent I with subsequent addition of cytoplasmic extraction reagent II, and centrifuged. The supernatants resulting from centrifugation were cytoplasmic fractions. The insoluble pellets were suspended in nuclear extraction reagent and centrifuged; the supernatants resulting from this centrifugation contained nuclear proteins.
Hepatic Triglyceride Analysis
Triglyceride level was determined as described previously. 9 Frozen liver tissues (50 to 100 mg) were ground using a mortar and pestle. The crushed liver tissues were further incubated with 1 mL of a chloroform/methanol (2:1) mix with vigorous shaking for 1 hour at room temperature. Then, 200 mL of double-distilled water was added into the mix and centrifuged for 5 minutes at 3000 Â g. The lower lipid phase was collected and dried at room temperature, and the pellet was redissolved in a tert-butanol and Triton X-114/methanol (2:1) mix. Triglyceride analysis was performed with a colorimetric assay kit according to the manufacturer's instructions (Sigma-Aldrich).
Statistical Analysis
Experimental data were subjected to a Student's t-test or oneway analysis of variance analysis with Scheffé's post hoc test where appropriate. P < 0.05 was considered significant.
Results
Acute Ethanol Treatment Increases the Expression of Autophagy Genes in Mouse Liver and in Primary Cultured Mouse Hepatocytes
To investigate the expression of autophagy-related genes in mouse liver, male wild-type C57BL/6 mice were administered 4.5 g/kg of water or ethanol for 6, 12, and 16 hours. This animal model, initially established by Carson and Pruett, 18 has been widely used to mimic human binge drinking and acute alcohol abuse. 22, 23 In this model, an ethanol dose of 4 to 6 g/kg via gavage resulted in a peak blood ethanol concentration of 43.4 to 86.8 mmol/L, which can be commonly achieved in human binge drinkers. 22 Using this acute alcohol gavage model, we found that the mRNA levels of various autophagy-related genes, including Ulk1 (yeast Atg1), Atg5, Becn1 (yeast Atg6), Atg7, LC3b (yeast Atg8), Atg14, and Pik3c3 (alias Vps34) were all increased in ethanol-treated mouse liver at all time points. Expression levels of most genes that we assessed (Ulk1, Becn1, LC3b, Atg14, and Vps34) peaked after 6 hours of treatment with ethanol ( Figure 1A ). Expression levels of these autophagy-related genes started to decrease after 12 and 16 hours of treatment with ethanol, but were still significantly higher than in FoxO3a in Alcohol-Induced Autophagy
The American Journal of Pathology -ajp.amjpathol.orgcontrols ( Figure 1A ). Consistent with increased mRNA expression, ethanol treatment also increased Atg5, Beclin 1, Atg7, and LC3B-II protein levels; however, the extent of increase and the respective peak time varied. The expression levels of some proteins (such as Atg5) increased approximately threefold, whereas expression levels of others (such as Atg7 and Beclin 1) increased 60% to 80%, compared with control ( Figure 1 , B and C). It seems that Atg5, Beclin 1, and Atg14 were maintained at higher levels during the treatment, whereas Atg7 and LC3B-II increased at 6 hours but then slightly declined at 12 and 16 hours of ethanol treatment. We have previously demonstrated an increase in autophagic flux induced by ethanol; in the presence of CQ, which blocks lysosomal degradation, ethanol-induced LC3B-II levels were further enhanced by CQ treatment. 9 Therefore, the decreased LC3B-II levels after prolonged ethanol treatment (12 and 16 hours) were likely due to autophagic degradation of LC3B-II. Consistent with in vivo findings, we also found elevated mRNA levels of several autophagy-related genes in ethanoltreated primary mouse hepatocytes as early as 3 hours and sustained to 16 hours ( Figure 1C) . Moreover, ethanol treatment also increased Atg5, Beclin 1, Atg7, and LC3B-II protein levels in a time-dependent manner ( Figure 1D ).
ActD Suppresses Ethanol-Induced Expression of Autophagy-Related Proteins and GFP-LC3 Puncta
To further investigate the role of gene transcription in ethanol-induced autophagy, we treated primary cultured mouse hepatocytes with ethanol in the presence or absence of ActD, a general transcription inhibitor. Beclin 1, Atg7, Bnip3, and LC3B-II protein levels induced by ethanol decreased in the presence of ActD (Figure 2A ). Consistent with our previous reports, 9 ethanol treatment increased the number of GFP-LC3 puncta in primary cultured mouse hepatocytes, and these puncta were significantly diminished by ActD (Figure 2 , B and C). More importantly, ActD also blocked ethanol-induced autophagic flux, as demonstrated by the decreased LC3B-II levels when cells were treated with ethanol together with ActD and CQ, compared with the cells treated with ethanol and CQ. Furthermore, ethanol treatment also decreased levels of p62, an autophagic substrate protein that is usually degraded by autophagy. Ethanol-induced decrease of p62 was blocked by ActD, indicating that ActD inhibited ethanol-induced autophagic flux in hepatocytes ( Figure 2D ). These results suggest that ethanol-induced expression of autophagy-related genes could play an important role in ethanol-induced autophagosome formation and autophagic flux.
Ethanol Activates FoxO3a Both in Vivo and in Vitro
During mouse muscle atrophy, FoxO3a is activated to promote autophagy by up-regulating autophagy-related genes, including LC3b, Atg12, and Becn1. 12 In the present study, ethanol treatment increased Beclin 1, Atg7, Bnip3, and LC3B protein levels, and expression of these proteins was suppressed by ActD. We therefore investigated whether ethanol also activates FoxO3a and in turn increases the transcription of Atg genes in hepatocytes. FoxO3a signals were diffuse in both cytosol and nucleus in the liver of control mice, but the FoxO3a nuclear signal dramatically increased after ethanol treatment, indicating that ethanol increased nuclear FoxO3a retention in mouse liver ( Figure 3A ). Western blot analysis using nuclear fractions showed that ethanol treatment increased nuclear FoxO3a levels approximately twofold Figure 1 Acute ethanol treatment increases the expression of autophagy-related genes in mouse liver and primary hepatocytes. A: Male C57BL/6 mice were treated with 4.5 g/kg water or ethanol by gavage for 6, 12, or 16 hours. Hepatic mRNA was isolated, and RT-qPCR was performed. B: Mice were treated as for A, and total liver lysates were subjected to Western blot analysis, followed by densitometry analysis. C: Primary cultured mouse hepatocytes were treated with 80 mmol/L ethanol for 3, 6, 9, and 16 hours. mRNA was isolated from cultured hepatocytes, and RTqPCR was performed. D: Primary cultured mouse hepatocytes were treated as for C, and total cell lysates were subjected to Western blot analysis, followed by densitometry analysis. Data are presented as means AE SEM (fold of control). n Z 4e6 (A); n Z 4 (B and C); n Z 3 (D). *P < 0.05, one-way analysis of variance with Scheffé's post hoc test. ajp.amjpathol.org -The American Journal of Pathology ( Figure 3B ). Moreover, hepatic mRNA levels of three known FoxO3a target genes [Bnip3, Bim (reclassified as Bcl2l11), and manganese superoxide dismutase (Sod2; alias MnSOD)] also increased in ethanol-treated mouse liver ( Figure 3C ). Similar to the in vivo findings, ethanol treatment also significantly increased nuclear FoxO3a levels in primary cultured mouse hepatocytes (Figure 3, D and E) . In addition, ethanol treatment also increased the expression of the known FoxO3a target genes Bnip3, Bnip3L, and MnSOD in vitro ( Figure 3F ). These findings indicate that ethanol activates FoxO3a in mouse liver and in primary cultured mouse hepatocytes.
Ethanol Induces Alterations of the Post-Translational Modifications of FoxO3a in Mouse Liver
Because FoxO3a is regulated by multiple post-translational modifications, including phosphorylation and acetylation, 10 we next investigated whether ethanol treatment affects phosphorylation and acetylation of FoxO3a. Compared with control mice, ethanol treatment decreased the level of pFoxO3a in mouse liver ( Figure 4A ). These findings are consistent with our immunostaining data and nuclear Western blot analysis, showing that ethanol increased nuclear FoxO3a (Figure 3A) , because p-FoxO3a is liable to be exported to the cytosol from the nucleus. This decreased phosphorylation of FoxO3a could be due to decreased Akt phosphorylation, because Akt phosphorylates FoxOs to promote their nuclear exportation. 11 Indeed, the p-Akt levels in ethanol-treated mouse livers were decreased, compared with control ( Figure 4A ). In addition to phosphorylation, the transcriptional activity of FoxO3a can also be regulated by Sirt1-mediated deacetylation. Ethanol treatment decreased hepatic Sirt1 (Figure 4B ), which was correlated with increased acetylated FoxO3a ( Figure 4C ). These data indicate that acute ethanol treatment decreases the level of phosphorylated FoxO3a, but increases acetylated FoxO3a; the latter is likely associated with a decrease in hepatic Sirt1 induced by ethanol treatment.
Resveratrol Further Increases Ethanol-Induced Autophagy Gene Expression by Decreasing FoxO3a Acetylation
To investigate the influence of acetylation of FoxO3a on ethanol-induced expression of autophagy-related genes, we treated primary mouse hepatocytes with ethanol in the presence or absence of resveratrol, a well-known Sirt1 agonist 24 that decreases ethanol-induced liver injury. 25 We found that resveratrol alone slightly increased the mRNA levels of Atg5, LC3b, and Vps34, but the combined treatment of ethanol and resveratrol further increased ethanolinduced expression of these autophagy-related genes ( Figure 5A ). Ethanol-induced acetylation of FoxO3a was suppressed by resveratrol ( Figure 5B ), suggesting that deacetylated FoxO3a may further promote autophagyrelated gene transcription. More importantly, in the presence of resveratrol, the number of ethanol-induced GFP-LC3 puncta was further increased, suggesting that resveratrol enhances ethanol-induced autophagosome formation ( Figure 5, C and D) . These findings indicate that Sirt1-mediated deacetylation of FoxO3a may promote expression of autophagy-related genes and autophagy induction in ethanol-treated hepatocytes. Figure 2 ActD inhibits ethanol-induced autophagy in primary mouse hepatocytes. A: Primary cultured hepatocytes were treated with ethanol in the presence or absence of ActD for 6 hours. Total cell lysates were subjected to Western blot analysis, followed by densitometry analysis. B: Ad-GFPLC3einfected hepatocytes were treated as for A and were examined with fluorescence microscopy. Original magnification, Â60. C: GFP-LC3 puncta were quantified for each experiment, with at least 30 cells counted in each experiment. D: Primary hepatocytes were treated as for A, with or without 20 mmol/L CQ for 6 hours, followed by Western blotting and densitometry analysis. Data are expressed as means AE SEM. n Z 3 (A and D); n Z 4 (C). **P < 0.01, one-way analysis of variance with Scheffé's post hoc test.
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Overexpression of a DN-FoxO3a Suppresses EthanolInduced Expression of Autophagy-Related Genes and Enhances Ethanol-Induced Apoptosis in Hepatocytes
To determine whether overexpression of DN-FoxO3a suppresses ethanol-induced expression of autophagy-related genes, we infected primary mouse hepatocytes with Ad-GFP control and Ad-DN-FoxO3a, which also contains GFP from a separate cytomegalovirus promoter. 12 More than 80% of cells showed very high efficiency for the infection after 24 hours of incubation ( Figure 6A ). After the cells were further treated with ethanol for another 6 hours, ethanolinduced expression of Becn1, Atg7, LC3b, and Atg12 was inhibited by expression of DN-FoxO3a ( Figure 6B) . Consistent with the changes at the mRNA level, the ethanolinduced increases in Atg5 (Atg12) and Atg6 (Beclin 1) protein levels were also inhibited by DN-FoxO3a ( Figure 6C ). These results suggest that FoxO3a is responsible for ethanol-induced expression of autophagy-related genes. Furthermore, overexpression of DN-FoxO3a inhibited ethanol-induced autophagic flux in primary hepatocytes ( Figure 6D ). Interestingly, we also found that CQ treatment alone only mildly increased LC3B-II levels in DN-FoxO3aeinfected cells (1.6 versus 1), suggesting that DN-FoxO3a could also inhibit basal autophagy in hepatocytes ( Figure 6D ). We previously found that inhibition of autophagy led to increased cell death and liver injury in ethanol-treated primary hepatocytes and mice. 9 Figure 3 Ethanol activates FoxO3a in mouse liver and primary mouse hepatocytes. A: Male C57BL/6 mice were treated with 4.5 g/kg water or ethanol by gavage for 16 hours. Cryosectioned liver tissue was subjected to immunostaining for FoxO3a using a rabbit anti-FoxO3a antibody, followed by a Cy3-conjugated goat anti-rabbit antibody; nuclei were stained with Hoechst 33342. Representative fluorescence microscopy images are shown. Boxed regions are shown at higher magnification at the right. B: Mice were treated as for A, and nuclear fractions were isolated from control and ethanol-treated mouse liver, followed by Western blotting and densitometry analysis. C: Hepatic mRNA was isolated, and RT-qPCR was performed. D: Primary cultured hepatocytes were treated with 80 mmol/L ethanol for 6 hours and fixed in 4% paraformaldehyde, then immunostained for FoxO3a as for A, and examined with fluorescence microscopy. Representative images are shown. E: Cells with increased nuclear FoxO3a staining were quantified for each experiment, with at least 100 cells counted in each experiment. F: mRNAs were isolated from cultured hepatocytes, and RT-qPCR was performed. Data are presented as means AE SEM. n Z 3 (A, B, D, E, and F); n Z 4e6 (C). *P < 0.05, Student's t-test; **P < 0.01, Z-test. Total liver lysates were subjected to Western blot analysis for phosphorylated and total FoxO3a and phosphorylated and total Akt (A) and Sirt1 (B), followed by densitometry analysis. C: Mice were treated as for A, and total liver lysates were immunoprecipitated with an anti-FoxO3a antibody, followed by Western blotting using an antieacetylated lysine antibody and densitometry analysis. Data are expressed as means AE SEM. n Z 4. ajp.amjpathol.org -The American Journal of Pathology Interestingly, overexpression of DN-FoxO3a also enhanced ethanol-induced apoptosis in primary mouse hepatocytes ( Figure 6E ). Therefore, the increased cell death caused by expression of DN-FoxO3a could be due to the inhibition of ethanol-induced expression of autophagy-related genes and subsequent autophagy.
Ethanol-Induced Expression of Autophagy-Related Genes Is Suppressed in Foxo3a À/À Mice, Resulting in Increased Liver Injury and Steatosis
To further investigate the role of FoxO3a in ethanol-induced expression of autophagy-related genes and liver injury in vivo, we treated Foxo3a À/À and age-matched wild-type mice with acute ethanol. Although the basal expression of autophagy genes in Foxo3a À/À mice did not differ significantly from that of wild-type mice, ethanol-induced expression of autophagy-related genes was significantly suppressed in Foxo3a À/À mice ( Figure 7A ). The expression levels of several autophagy genes in ethanol-treated FoxO3a wild-type mice (B6;129 background), such as Becn1 and Atg7, were not induced as significantly as in ethanol-treated C57BL/6J wild-type mice ( Figure 1A ). These variations could be due to the difference in genetic background. Similar to findings at the mRNA level, several of the ethanol-induced autophagy proteins were also suppressed in Foxo3a À/À mice ( Figure 7D ). More importantly, we further found that serum alanine aminotransferase and hepatic triglyceride levels were all significantly increased in ethanoltreated Foxo3a À/À mice, compared with wild-type mice ( Figure 7 , B and C). Notably, electron microscopy studies revealed that the number of lipid droplets in ethanol-treated Foxo3a À/À mouse liver was significantly higher than that of wild-type mice, whereas the number of autophagosomes was significantly decreased in ethanol-treated Foxo3a À/À Figure 5 Resveratrol enhances ethanol-induced expression of autophagyrelated genes. A: Primary cultured mouse hepatocytes were treated with ethanol in the presence or absence of 50 mmol/L resveratrol (Res) for 6 hours. mRNA was isolated from cultured hepatocytes before RT-qPCR was performed. B: Total cell lysates were immunoprecipitated with an anti-FoxO3a antibody, followed by Western blotting using an antieacetylated lysine antibody and densitometry analysis. C: Ad-GFP-LC3einfected hepatocytes were treated as for A and then were examined with fluorescence microscopy. Representative GFP-LC3 images are shown. Original magnification, Â60. D: The number of GFP-LC3 puncta per cell was quantified and twenty cells were counted in each experiment. Data are expressed as means AE SEM. n Z 3 (A and B) ; n Z 4 (C and D). *P < 0.05, one-way analysis of variance with Scheffé's post hoc test. Representative fluorescence images of primary cultured mouse hepatocytes, infected with 10 multiplicity of infection (MOI) Ad-GFP or Ad-DN-FoxO3a, which contain a GFP using separate cytomegalovirus promoters for 24 hours. Original magnification, Â20. B: Primary hepatocytes, infected as in A, were treated with 80 mmol/L ethanol for 6 hours. mRNA was isolated from cultured hepatocytes, and RT-qPCR was performed. C: Total cell lysates were subjected to Western blotting and densitometry analysis. D: Primary hepatocytes were treated as in B, with or without 20 mmol/L CQ, for 6 hours. Total lysates were subjected to Western blotting and densitometry analysis. E: Primary hepatocytes, infected as in A, were treated with 80 mmol/L ethanol for 24 hours. Cells were then stained with Hoechst 33342 for nuclei, and fragmented apoptotic nuclei were quantified. Data are expressed as means AE SEM. n Z 3. *P < 0.05, one-way analysis of variance with Scheffé's post hoc test.
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Ethanol Induces Expression of Autophagy-Related Genes and Autophagic Flux in Primary Human Hepatocytes
Given that we observed ethanol-induced expression of autophagy-related genes ( Figure 1 ) and autophagic flux in primary mouse hepatocytes, 9 we next asked whether ethanol induces similar effects in human hepatocytes. As with mouse hepatocytes, ethanol treatment increased the expression of several autophagy-related genes ( Figure 9A ), as well as autophagic flux, as demonstrated by further increased levels of LC3B-II in the presence of CQ, compared with either ethanol or CQ treatment alone ( Figure 9B ).
Discussion
The FoxO family of transcription factors regulates multiple cellular processes (including apoptosis, cell cycle, DNA damage repair, oxidative stress, and glucose metabolism) and 10,11 The FoxO family has been shown to regulate autophagy in various systems, including skeletal muscle, 12, 13 cardiomyocytes, 14 kidney, 26 liver, 27 and cancer cells. 28 Depending on the stress conditions, autophagy can be activated as a cell-survival mechanism, either to provide necessary nutrients on nutrient deprivation or to remove cellular damaged or excess organelles and protein aggregates. 1, 2 We have previously demonstrated that acute ethanol treatment induces autophagy as a compensatory mechanism to remove hepatic lipid droplets and damaged mitochondria to attenuate ethanol-induced liver steatosis and injury in mice. 9, 29 However, it was not known how acute ethanol modulates hepatic autophagy in mice. Here, we show that acute ethanol treatment promoted nuclear localization of FoxO3a in both primary cultured mouse hepatocytes and in mouse liver. In primary cultured hepatocytes, overexpression of DN-FoxO3a inhibited ethanol-induced up-regulation of autophagy genes and enhanced ethanol-induced cell death. Moreover, acute ethanol treatment led to enhanced steatosis and liver injury in Foxo3a À/À mice, compared with wild-type mice. It has been suggested that cytosolic FoxO1, particularly the acetylated form, can bind with Atg7 to promote autophagy in certain cancer cells, independent of its transcriptional activity. 28 In contrast, it has been demonstrated that the transcriptional activities of FoxOs are required for the induction of autophagy in normal tissues, such as mouse skeletal muscle, 12,13 heart 14 and liver. 27 In the present study, FoxO3a-mediated transcription of autophagy-related genes played a critical role in alcohol-induced autophagy in mouse liver and primary cultured hepatocytes. This notion is supported by the following evidence: i) ethanol treatment increased the nuclear levels of FoxO3a; ii) suppression of ethanol-mediated expression of autophagy-related genes by ActD inhibited ethanol-induced autophagy; iii) overexpression of DN-FoxO3a inhibited ethanol-induced expression of autophagy-related genes, resulting in reduced autophagy and increased cell death; and iv) Foxo3a À/À mice exhibited decreased expression of autophagy genes in ethanol-treated mouse liver, but increased steatosis and liver injury. Currently, it is not clear why FoxO-mediated transcription of autophagy genes is important for the autophagy process in normal tissues, but cytosolic FoxOs are important for autophagy induction in cancer cells. One possible explanation is that activation of Akt is one of the most frequent alterations observed in human cancer cells, and Akt activation may lead to increased cytosolic FoxO levels because of increased Akt-mediated phosphorylation of FoxOs.
The activity of FoxO3a is largely regulated by its multiple post-translational modifications, including phosphorylation, acetylation, ubiquitination, and methylation. 10, 11 FoxOs are phosphorylated by the serine/threonine protein kinase Akt and become sequestered in the cytoplasm, where they are unable to regulate gene expression. 11 Acute ethanol treatment decreased the level of phosphorylated Akt and FoxO3a. These findings suggest that acute ethanol-induced nuclear retention of FoxO3a could be mediated by the Akt signaling pathway. In contrast to negative regulation of FoxOs by phosphorylation, the acetylation of FoxOs seems to be more important for determination of specificity of FoxO target genes. 15 FoxO acetylation levels are regulated through acetylation by acetyltransferases (eg, p300/CBP) and through deacetylation by deacetylases (eg, SIRT1). 10, 30 SIRT1 deacetylates FoxO3a and modulates its gene transcription and specificity, which increases the expression of oxidative stress genes and suppresses the expression of apoptosis genes in response to oxidative stress. 10, 15 Ethanol is reported to decrease SIRT1 expression or activity by increasing the NADH/NAD þ ratio in hepatocytes. 31 In agreement with these reports, we also found that acute ethanol treatment reduced Sirt1 proteins in mouse liver, but increased acetylation of FoxO3a. However, ethanol increased the expression of autophagy-related genes in primary hepatocytes and mouse liver, suggesting that ethanolinduced nuclear translocation of FoxO3a could be a critical Figure 9 Ethanol induces autophagy-related gene expression and autophagic flux in primary human hepatocytes. A: Primary human hepatocytes were treated with 80 mmol/L ethanol for 3 or 6 hours. mRNA was isolated, and RT-qPCR was performed. B: Primary human hepatocytes were treated with 80 mmol/L ethanol in the presence or absence of 20 mmol/L CQ for 6 hours. Total cell lysates were subjected to Western blotting and densitometry analysis. C: A proposed model for the role of FoxO3a in ethanol-induced autophagy and liver injury. In ethanolexposed hepatocytes, ethanol is metabolized by hepatic enzymes, which leads to an increase in the NADH/NAD þ ratio and to subsequent inhibition of Sirt1. Ethanol also leads to AKT inhibition, resulting in FoxO3a dephosphorylation and nuclear retention, which increases the expression of autophagy-related genes and autophagy. Resveratrol activates Sirt1, which leads to FoxO3a deacetylation and enhances expression of autophagy-related genes. FoxO3a-mediated autophagy protects against ethanol-induced liver injury, likely by removal of ethanolinduced accumulation of lipid droplets and damaged mitochondria. Data are expressed as means AE SEM. n Z 4 (A); n Z 3 (B). *P < 0.05, one-way analysis of variance with Scheffé's post hoc test.
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The American Journal of Pathology -ajp.amjpathol.orgfactor, and that this translocation is sufficient to increase FoxO3a-mediated expression of autophagy-related genes. The finding that resveratrol further enhanced ethanolinduced up-regulation of autophagy genes suggests that Sirt1-mediated deacetylation of FoxO3a may favor and promote expression of autophagy-related genes. Further studies are needed to determine whether the deacetylated form of FoxO3a has increased binding affinity for the promoters of autophagy-related genes. Nevertheless, our present findings collectively indicate that FoxO3a is a major target in the regulation of ethanol-induced autophagy-related gene expression and autophagy.
The present results support a novel mechanism for FoxOmediated hepatoprotection against acute ethanol administration in mice through activation of expression of autophagy-related genes. This notion is supported by the observation that overexpression of DN-FoxO3a enhanced ethanol-induced apoptosis and that Foxo3a À/À mice exhibited exacerbated liver injury and steatosis after acute ethanol administration. Our results are also consistent with a recent report that overexpression of Atg14, a target gene of FoxOs, decreases hepatic triglyceride contents. 27 Another significant finding from our present study was that ethanol also increased autophagy-related gene expression and autophagic flux in primary human hepatocytes. However, in addition to regulating autophagy-related genes, FoxO3a also regulates expression of genes that have multiple functions, such as antioxidant and DNA repair genes, which could also attenuate ethanol-induced liver injury. 30 Controversial evidence suggests that autophagy status could differ between chronic and acute ethanol treatment in mice. 32, 33 Although it has been suggested that autophagy could be decreased in the chronic ethanol feeding model, the evidence to support this argument is still not clear, because autophagic flux data in these models are lacking (probably because the dynamic nature of the autophagic process and of the constitutive synthesis and turnover of LC3 makes it difficult to assess autophagic flux in this model). In a recent study by Lin et al, 34 autophagic flux analysis was performed after the mice were fed a LiebereDeCarli liquid diet; the results indicated increased autophagic flux after chronic ethanol feeding, at least at the 4-week time point. These results were generally consistent with the acute alcohol binge model. Although more careful autophagic flux assays should be performed (and with multiple time points) to further dissect the autophagy process in the chronic ethanol feeding model, the Lin et al 34 study also demonstrated that pharmacological promotion of autophagy by rapamycin and carbamazepine attenuated ethanol-induced liver injury in this 4-week feeding model. Regardless of the acute or chronic ethanol treatment, therefore, our findings, taken together with those of others, suggest that autophagy modulation could be one of the ideal approaches to treat alcoholic liver diseases. Although modulation of Akt or Sirt1 may indirectly enhance FoxO3a activity, the specific pharmacological activators for FoxOs remain to be identified. Developing specific FoxO activators will be a challenge, but could lead to new approaches for treatment of alcoholic diseases.
In summary, our data suggest that FoxO3a-mediated autophagy-related gene expression plays a critical role in acute ethanol-induced autophagy. Genetic loss of FoxO3a enhanced acute ethanol-induced liver injury and steatosis in mice. The cellular and molecular events regulating ethanol-induced FoxO3a-mediated autophagy are summarized in Figure 9C . ajp.amjpathol.org -The American Journal of Pathology
